Abstract: A representative group of palygorskites from the six most important Spanish deposits and six other occurrences were studied comparing their mineralogy, textural features, crystal-chemistry, and surface properties. These palygorskites have different geological origin: (1) sedimentary in large Tertiary continental basins, (2) hydrothermally altered volcanic rocks in the southern Spanish Peninsula, also Tertiary in age; and (3) fault-hosted pure palygorskites. The most common impurities are quartz and carbonates, both calcite and dolomite, but also feldspar, illite, smectite, and sepiolite have been identified. The structural formulae obtained show great variability between samples, as well as with respect to the theoretical formula for palygorskite, as they range from magnesian to aluminous palygorskites. The most common fibre length ranges between 1 and 10 mm but the palygorskites of hydrothermal origin are much longer, with lengths over 10 mm. The shorter fibres give rise to tightened textures, while longer fibres usually generate more open textures. These properties, along with the degree of compaction, condition the porosity of the sample, which in turn influences its surface properties. The specific surface areas obtained range between 30 m 2 g À1 and 263 m 2 g À1 , depending on the impurities content and on the texture and crystal-chemistry; the highest values correspond to Mg-rich palygorskite.
Introduction
Palygorskite is an important industrial mineral used in numerous industrial and commercial products that are mostly dependent on the physical and chemical sorptive, rheological and molecular sieve properties of the mineral (Alvarez, 1984; Jones & Galán, 1988; Murray, 2000; Alvarez et al., 2011; López-Galindo et al., 2011; Murray et al., 2011) . Their uses are specifically related to their surface properties as a consequence of their structural and microtextural features. Palygorskite, a modulated phyllosilicate, has modulated components in octahedral sheets. As sepiolite, it can be described as 2:1 type ribbons, or polysomes, running parallel to the c axis. The polysomes are connected by oxygen atoms. The oxygen planes are continuous, but the periodic inversion of the apical oxygen every two tetrahedral chains limits the lateral dimensions of the octahedral sheet. Palygorskite and sepiolite are minerals that have particular structural and textural features in which the presence of structural cavities (tunnels and channels), silanol groups on the external surface, and different types of water molecules determine their surface properties and ability to interact with many compounds, leading to the formation of nanostructured materials (Ruiz-Hitzky et al., 2011) .
Ideal palygorskite has an intermediate tri-dioctahedral character (80% of the octahedral positions are occupied). Its ideal structural formula, based on the model of Bradley (1940) , is Si 8 O 20 (Al 2 Mg 2 ☐)(OH) 2 (OH 2 ) 4 (H 2 O) 4 for a half unit cell. However, a broad compositional variation has been found (García-Romero & Suárez, 2010 ) and a continuous polysomatic series has been reported between sepiolite and palygorskite, with no compositional gap ). An earlier classification of palygorskites distinguished three types (Suárez et al., 2007) . Type I: ideal palygorskite, which has an octahedral composition near Bradley's structural formula, with similar Al and Mg contents and negligible substitutions. Type II: the most common palygorskite, which has a less than ideal octahedral Al content and a higher Mg content, but the number of octahedral cations per half unit cell (i.e. per formula unit, pfu) remains close to 4 (i.e. one vacant octahedral position). Although Al may be partially substituted by Fe (III) and/or Mg, this specific type of palygorskite has a dioctahedral character. Type III: Mgpalygorskite, which is a trioctahedral variety. The number of octahedral cations is higher than 4 (i.e. there is less than one vacant octahedral position). A further type was introduced by García-Romero & Suárez (2010) , Type IV: Al-palygorskite is a palygorskite having Al/Mg>1 and defined by a total number of octahedral cations per half unit cell <4, with Mg < 2, and consequently (Al þ Fe 3þ )> Mg. Recently, proposed the existence of intergrowth between palygorskite and sepiolite polysomes in all possible proportions, leading to a continuous polysomatic series, thus explaining the high variability found in the chemical composition and properties of these minerals. The previously described palygorskite types are therefore related to the proportion of sepiolite polysomes in palygorskite, because the amount of Mg in the palygorskite empirical formula is actually related to the sepiolite polysome content. The existence of a continuous polysomatic series between sepiolite and palygorskite is related to their growth by aggregation (García-Romero & Suárez, 2014) .
Palygorskite, like sepiolite, is an authigenic mineral formed by the neoformation or transformation of precursor minerals . Palygorskite is common in lacustrine and soil environments (Paquet, 1970; Singer, 1979 Singer, , 1984 Mackenzie et al., 1984; Shadfan & Dixon, 1984; Suárez et al., 1994) in arid or semi-arid climatic conditions, when the interstitial and overlying fluids are alkaline (8 < pH < 9) with high Si and Mg activities (Singer & Norrish, 1974; Watts, 1976 Watts, , 1980 Callen, 1977; Hutton & Dixon, 1981; Estéoule-Choux, 1984; Jones & Galán, 1988; Birsoy, 2002) . Usually, it is associated with carbonates, evaporites and chert and with other Mg-rich clays, such as saponite, kerolite and stevensite. Palygorskite is also described in calcretes as minor diagenetic constituent (Eren et al., 2008; Kaplan et al., 2013; Kadir et al., 2014) . The best condition for its formation appears to be in lacustrine-palustrine environments, as repeatedly reported (Millot, 1970; Trauth, 1977; Singer, 1979; Galán & Castillo, 1984; Jones, 1986; Jones & Galán, 1988; Webster & Jones, 1994; Calvo et al., 1999; Akbulut & Kadir, 2003) . In addition, palygorskite can originate by direct precipitation from solutions (Singer, 1979 (Singer, , 1984 Singer & Norrish, 1974) or from a smectite precursor (Sautereau & Decarreau, 1973; Decarreau et al., 1975; Yaalon & Wieder, 1976; Couture, 1977; Trauth, 1977; Weaver & Beck, 1977; El Prince et al., 1979; Galán & Ferrero, 1982; Velde, 1985; Tazaki et al., 1986 Tazaki et al., , 1987 Suárez et al., 1994; Jamoussi et al., 2003) .
Previous studies have presented evidence for significant structural and compositional differences among palygorskites from different localities and genetic conditions. As the surface properties of palygorskite are a consequence of their structural and microtextural features, the aim of this study is to characterize a group of Spanish palygorskites from different deposits, comparing their mineralogy, textural, and surface properties. This group of palygorskites may be considered a good example of the variability affecting the crystal-chemistry and properties of this mineral.
Materials and methods
A representative group of palygorskites from the six most important Spanish deposits as well as six other occurrences was studied, comparing their mineralogical and textural features. The samples are labelled with the first letters of the closest named locality to the deposit (Fig. 1) . They have different geological origins, mainly sedimentary, but also hydrothermal. The studied deposits occur in (1) large Tertiary continental basins: the Duero Basin (samples BER, NAV and PED), Guadalquivir Basin (LEB), and Tajo Basin (ESQ, TAB and TEM); (2) a small basin in the Monfragüe National Park, Caceres Province (TOR); (3) hydrothermally altered volcanic rocks in the southern Spanish Peninsula (BUH and TRA), also Tertiary in age; and (4) as fault-hosted pure palygorskite (NIJ and SEG). Several samples from each deposit were studied; the data reported correspond to representative samples. Figures S1 and S2 (freely available as Supplementary Material linked to this article at https://pubs.geoscience world.org/eurjmin/) show the current appearance of the deposits, which, except for Bercimuel (BER) and Tembleque (TEM), are no longer exploited.
Mineralogical characterization was conducted by X-ray powder diffraction of the whole-rock sample and of the <2 mm fraction obtained by decantation and studied as oriented aggregates under ambient conditions, after solvation with ethylene glycol and heating to 550°C. A Siemens D-500 XRD diffractometer with CuKa radiation and graphite monochromator was employed, from 2°to 65°by steps of 0.025°and 3 s/step counting time for the whole rock, and from 2°to 40°for the oriented aggregates, by steps of 0.05°and 1 s/step. A semi-quantitative estimate of the mineral proportions (by weight) was made using the Reflection Power Method and the reflection powers given by Martín Pozas (1968) .
Particle morphology and textural relationships were established by using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM observations were performed using a JEOL JSM-6330F field-emission microscope, operating at 10 kV and equipped with a Link System energy dispersive X-ray (EDX) microanalyser. Prior to SEM examination, freshly fractured surfaces of representative samples were air dried and coated with Au under vacuum.
The chemical composition was obtained using analytical electron microscopy (AEM) with TEM, in samples of great purity, with two different microscopes, a JEOL 2000 FX instrument at an acceleration voltage of 200 kV and a JEOL 3000 FX field-emission microscope at 300 kV. Both microscopes incorporate an OXFORD ISIS EDX spectrometer (136 eV resolution at 5.39 keV), equipped with its own software for quantitative analysis. The TEM samples were prepared by depositing a drop of diluted suspension on a microscopic grid with collodion and coated with Au.
Textural analyses were performed from the nitrogen adsorption-desorption isotherms at À196°C, obtained from a static-volumetric apparatus (Micromeritics ASAP 2010 adsorption analyser). All samples were pre-treated and analysed in the same way: 0.3 g of the raw sample powdered in a manual mortar were out-gassed for 10 h at room temperature, and then for 4 h at 110°C to reach a lesser pressure of 2 mm Hg. The isotherms were obtained following a previously fixed 40-point P/P 0 table, and the reproducibility of the isotherms was checked.
Results and discussion

Geology and mineralogy
The samples studied come from deposits that are spatially distributed across Spain (Fig. 1) .
BER, Bercimuel (Segovia). This deposit is located in the central part of the Iberian Peninsula, on the southeastern border of the Duero Basin, in an intracratonic depression running south-east north-west within the Duero Neogene Basin. The deposit lies in Neogene sediments, in the distal facies of alluvial fans that fill the small Tertiary basin of the Riaza River. It outcrops near the village of Bercimuel, on a hill, presenting a high lateral continuity and thickness that varies between 4 and 15 m; only the first 6-8 m are rich in palygorskite. The deposit is bound at the bottom by a calcareous crust and at the top by an erosive terrace of the Riaza River. Evidence of pedogenetic processes are abundant at the palygorskite level.
This deposit originally corresponded to the confluence zone of two alluvial fan systems that come from the Sierra de Honrubia and Somosierra (Fernandez Macarro et al., 1988) . The palygorskite has its origin in post-sedimentary processes (Suárez et al., 1989) that are related to the partial dissolution and transformation of illite-smectite precursors, as shown by TEM (Suárez et al., 1994 (Suárez et al., , 1995 .
The deposit is currently mined by the MYTA Company; a general view of the quarry and location of the five study samples is shown in Fig. S1a . Palygorskite is the main mineral at the bottom of the exploited level and decreases progressively towards the top of the deposit (Fig. 2a) at the same time that the inherited minerals, quartz and mica/ illite, increase, so that only the first ∼6 m are rich in palygorskite (60-80%). Small amounts of calcite, feldspar, smectites, chlorite and interstratified minerals also appear (Suárez et al., 1995) . The samples BER1 to BER5, from bottom to top, illustrate this gradual variation in mineral content. A sample from the bottom, rich in palygorskite (∼80%), was selected for further study.
LEB, Lebrija (Sevilla). The deposit is located in the southwestern Iberian Peninsula at the boundary between the provinces of Cadiz and Sevilla. It is part of the Guadalquivir Basin, a large structural unit that is mainly filled by Tertiary and Quaternary marine and continental sediments. Palygorskite and sepiolite are found in the Pliocene continental sediments, in a lacustrine environment of perimarine origin. The deposit and its origin are described in detail in Galán & Ferrero (1982) . Two units are distinguished: the lowest has a maximum thickness of 30 m and is mainly composed of marls that contain sepiolite and palygorskite as well as some clayey interbedded layers rich in sepiolite. The upper unit, named "the palygorskite bed" due to its high contents of that mineral, has a thickness 15 m. The palygorskite layers range from 0.30 m to 3 m in thickness and are interbedded with limestone and marl. The origin of palygorskite is hypothesized to be a neoformation and transformation of previous minerals, which could be controlled by periodic climate changes (Galán & Ferrero, 1982) .
Five samples from the Lebrija deposit, corresponding to the top of the upper unit, were studied in this work; they show the vertical and lateral variations of the outcropping materials (Fig. S1b) . As shown in Fig. 2b , calcite (15-50%) is the main impurity that appears with palygorskite. The palygorskite contents range from ∼45 to 80% in the studied samples. There are small amounts of quartz and dolomite, and sepiolite appears in small proportions in sample LEB-5, corresponding to an intermediate term of the sepiolite-palygorskite series according to . The sample richest in palygorskite (LEB-3) was selected for crystal-chemical and textural studies.
NAV, Nava del Rey (Valladolid). The deposit also occurs in the Duero Basin and was exploited until the late 1970s. There have been no comprehensive studies of this deposit, and the only reference to it is in Pineda et al. (2007) . Palygorskite appears in a calcareous-crust unit that developed over a conglomeratic level and is dated as Lower Miocene, and these carbonate crusts are edaphic developments on sediments of fluvial origin. The deposit is situated on a hill-top formed by a conglomerate, Spanish palygorskitesresulting in a residual relief; it has a maximum thickness of 5 m (Fig. S1c) . The conglomerate bears centimetric clasts of quartz and quartzite, mainly in a white, very hard carbonate-free matrix-cement. Although Pineda et al. (2007) describe the layer as a carbonate crust, there is no carbonate (calcite or dolomite) in the studied samples, but instead a type of palycrete, as described by Rodas et al. (1994) and Stahr et al. (2000) . According to Rodas et al. (1994) the origin of palygorskite in these materials is related to the movement of alkaline phreatic waters. X-ray diffractograms of two representative samples are shown in Fig. 2c ; both samples are nearly identical, with ∼75% palygorskite and 25% quartz.
TAB, Tabladillo (Guadalajara). The deposit is located in the Tajo Basin on its eastern border. After Benayas et al. (1960) , palygorskite occurs in the Alcarria formation, which is dated as OligoceneMiocene. The Oligocene in this formation is constituted of a complex in which some palygorskite levels are intercalated, along with sepiolite. In the Miocene deposits, two units are distinguished; the lower is dated as Burdigalian-Vindobonian, and the upper is dated as Pontian. Palygorskite-sepiolite appear in the lower unit, related to gypsiferous marls (Martín Pozas et al., 1981) . These authors studied six samples corresponding to clayey layers between 0.4 and 2 m thick, with a palygorskite content ranging from 30 to 65%. Palygorskite appears together with sepiolite (10-20%), smectite, calcite and quartz and is related to neoformation processes. Currently, the deposit is nearly inaccessible because the quarry and all of the outcropping material have been covered with removed materials (Fig. S1d and e ), so it is not possible to observe the spatial relationships among the material. Only one sample could be collected from the outcrop, and the identified minerals are in good agreement with those identified by Martín Pozas et al. (1981) ; therefore, the sample could be considered to be representative of the deposit. In the corresponding diffraction pattern (Fig. S1d) , calcite is the main impurity to palygorskite, together with quartz, dolomite, sepiolite and smectite. Palygorskite þ sepiolite constitute ∼65% of the sample.
TEM, Tembleque (Toledo). This deposit is the property of the Clariant Company. It is located in southeastern TajoBasin. Palygorskite is found in the Miocene "Red clays with levels of gypsum" unit, in which intercalations of gypsum in reddish clays are more abundant towards the top of the unit. To our knowledge, there are no previous references of this deposit.
The Clariant Company exploits a clayey reddish level that is rich in palygorskite with evidence of pedogenetic processes ( Fig. S2a and b) . These clays contain dispersed centimetric crystals of secondary gypsum. The palygorskite outcrops appear at the top of a small hill in a partially eroded layer that is ∼6 m in maximum thickness. The palygorskite content ranges between 75 and 85%. Quartz is the main impurity (15-10%) together with small amounts of gypsum (<5%) and dolomite (<10%) at the bottom of the layer (Fig.  2e) . A sample from the top of the outcrop that is slightly richer in palygorskite (∼85%) was selected for further study. TOR, Torrejón el Rubio (Cáceres). This deposit is located in the western Iberian Peninsula, in the Tertiary basin of Torrejón, which is separated from the Tajo basin by a significant quartzite relief (the Miravete, Corchuelas and Extranjera Sierras). Three units are distinguished: the basement, a detrital-clayey bed and the "raña," which consists of clayey slates that vary from brownish to pinkish. The detrital-clayey bed is formed by an alternation of sand and gravel with clays and carbonates. Finally, the "raña" is a reddish fanglomerate with quartzite pebbles originating from alluvial fans and piedmont alluvial plains that expanded just before the development of the current rivers (Martínez Lope et al., 1995) . Palygorskite appears in the basement as well as the detrital-clayey bed, and its origin is linked to the alteration of the Cambrian slates from the basement (Galán & Castillo, 1984) . The palygorskite bed has a maximum thickness of 8 m, but the average thickness is 3 m. The highest concentration (75 to 85%) is in the centre of the basin (Murray et al., 2011) . The impurities consist of quartz, calcite, dolomite, chlorite, montmorillonite, kaolinite and mica (Galán et al., 1975) . Its formation occurred by direct precipitation from Si-, Al-and Mg-rich solutions, from the alteration of the basement chlorite-rich slates (Galán & Castillo, 1984; Murray et al., 2011) . The three samples studied here correspond to a horizontal sampling at the top of the palygorskite layer (Fig. 3c) . The mineral content of the three samples present some variations regarding the carbonate content: calcite appears in two samples (5-10%) and dolomite only appears in sample TOR-3 (15%). Quartz is present in the three samples, between 25 and 30%. The palygorskite content ranges between 55 and 75% (Fig. 2f) ; the purest sample was used to characterize the crystal-chemistry and textural properties.
In addition to these main deposits, other occurrences were also studied.
BUH, Buho and TRA, Los Trancos (Almería). Both occurrences are located in Cabo de Gata (Almería), in the southeastern Iberian Peninsula. These palygorskite occurrences are associated with the important deposits of bentonites of this region (Leone et al., 1983) , formed by the hydrothermal alteration of cineritic materials (García-Romero, 2012). As shown in Fig. 3a , the sample from Buho contains small amounts of quartz and feldspar (microcline), while those from Los Trancos are pure (Fig. 3b) ; Fig. S2b shows the appearance of the Buho occurrence.
ESQ, Esquivias (Toledo). This small deposit is located in the centre of the Iberian Peninsula. Occurrence of palygorskite in this area has been reported repeatedly Pozo et al., 1985; García-Romero, 1988; Bustillo & García-Romero, 2003; García-Romero et al., 2004; García-Romero & Suárez, 2010) , in the lacustrine and distal alluvial fans deposits of the Intermediate Unit (Miocene) of the Madrid Basin, part of the Tajo Basin. To the northeast of the town of Esquivias, thin argillaceous beds are interlayered with calcrete/palustrine limestones. Palygorskite occurs together with calcite and other minerals, mainly sepiolite, smectites and opal (Bustillo & García-Romero, 2003) . The origin of this palygorskite is from direct precipitation of interstitial waters present in the calcrete/palustrine limestones. The sample studied here corresponds to the top of the deposit, where palygorskite appears to be almost pure, as shown in Fig. S2e , with only small amounts of quartz (<5%; Fig. 3c ). Palygorskite from this layer has been previously studied by García-Romero & Suárez (2010) and Stathopoulou et al. (2011) .
NIJ, Serrata de Níjar (Almería). After García-Romero et al. (2006) , this palygorskite occurrence of the southeastern Iberian Peninsula is a fault-hosted palygorskite. The palygorskite fibres grow along fault planes in outcrops of a large fault zone in SE Spain (Carboneras Fault Zone) by a hydrothermal process occurring along the Serrata de Nijar and surrounding areas (Fig. S2f) . This palygorskite is almost pure, with only small amounts of calcite (∼2%; Fig. 3d) .
PED, Pedrajas de San Esteban (Duero Basin, Valladolid, Spain). Layers rich in palygorskite appear at the top of the sedimentary series, just under the unit known as Paramo Limestone, and are associated with both calcareous and dolomitic marls ( Fig. S2g and h ). The material studied here is representative of these palygorskite-rich marly layers, in an outcrop close to the locality of Pedrajas de San Esteban. The marls are Upper Miocene in age and result from sedimentation in high-salinity seasonal ponds under semiarid climatic conditions, as demonstrated by the presence of gypsum pseudomorphs. Palygorskite occurs together with calcite, dolomite and minor amounts of quartz (Fig. 3d) . These layers contain frequent mixtures of sepiolite and palygorskite and are intermediate in terms of the sepiolite-palygorskite series . The representative sample selected is composed of palygorskite (∼70%) with carbonates, both calcite and dolomite, and minor quartz.
SEG, Segovia (Segovia). The sample studied was collected south of the city of Segovia, to the southeast of the Duero Basin, and is associated with plutonic rock where palygorskite is filling fracture planes. Crusts of palygorskite were collected along the trench of a highspeed railway (Fig. S2i) . It is an almost pure palygorskite with only trace quartz (Fig. 3f) .
Texture
All the samples studied contain palygorskite as the main mineral and, in some cases, the only mineral present, as indicated by X-ray diffraction patterns (Figs. 2 and 3) . The most common impurities are quartz, calcite and other clay minerals: illite, smectite and sepiolite.
All the studied palygorskites have the same characteristic fibrous aspect under the SEM. Images representative of the studied deposits are shown in Figs. 4, 5 and 6, where it is possible to observe the signature of each deposit. Images in Figs. 4 and 5 are at the same magnification and show a remarkable difference in the length and curl of the fibres. García-Romero & Suárez (2013) proposed a morphological classification of sepiolite and palygorskite fibres according to length, length/width relation, and curliness. They concluded that there is a continuous variation in fibre length with no apparent gap from less than 1 mm to centimetres (macroscopic fibres).
The most common palygorskite fibre length in the deposits studied here ranges between 1 and 10 mm (Figs. 4, 5 and 6, and García-Romero & Suárez (2013) . All samples except those from Lebrija (LEB), Buho (BUH), Níjar (NIJ), Segovia (SEG) and Los Trancos (TRA) belong to this group of "intermediate fibres". Shorter fibres, with a length under 1 mm, are found in the Lebrija (LEB) and Buho (BUH) deposits, which are classified as group 1. Samples collected from Níjar (NIJ), Segovia (SEG) and Los Trancos (TRA), whose origin is linked to hydrothermal events, have much longer fibres, with lengths over 10 mm, but not quite macroscopic. In addition to the different lengths, the fibres also have different bending or curliness. The shortest (group 1) are straight. Samples that belong to group 2 (intermediate fibres: between 1 and 10 mm) are generally straight, as in the, Nava del Rey (NA), Tembleque (TEM), or Esquivias (ESQ) deposits, but may be slightly curved, as in the Bercimuel (BER), Tabladillo (TAB) or Pedrajas de San Esteban (PED) deposits. The longest fibres are curved (Nijar (NIR), Segovia (SEG) and Los Trancos (TRA)). Only one of the deposits (Torrejon El Rubio (TOR)) has extremely rigid fibres, and none of the studied samples is curly.
In addition, the shorter fibres give rise to tight textures, as in LEB, TAB, TEM, BUH, while longer fibres usually generate more open textures, as in SEG, NIJ and TRA.
Some impurities observed by SEM-FEG may give interesting clues about their genetic relationship. These impurities may not be homogeneously distributed. They are usually concentrated in some areas in the samples, and their concentrations may be so low that they are undetected by XRD. Figure 6a and b shows palygorskite fibres (samples from ESQ and LEB) grown among carbonate crystals in a close genetic relationship. By contrast, Fig. 6c and d shows detrital quartz among the palygorskite fibres, and detrital micas occur in BER sample (Fig. 6e) .
Palygorskite crystal-chemistry
The chemical compositions obtained by point analysis using AEM allow us to calculate the structural formulae of these palygorskites (Table 2 and Table S1 in supplementary materials). The results obtained show great variability between samples, as well as with respect to the ideal formula. The sample from Nijar (NIJ) is closest in composition to ideal palygorskite. All samples, except TRA, show some tetrahedral substitution of Al for Si (Si < 8 pfu).
Regarding the contents of the octahedral layer, the samples are separated in two clearly different groups: ESQ, TRA, TAB, TOR and PED show a stronger trioctahedral character (sum of octahedral cations>4 pfu) due to their higher Mg content. These samples are of Type III or magnesian palygorskites (according to and therefore correspond to intermediate terms of the sepiolite-palygorskite polysomatic series. Samples LEB, TEM, BUH, BER, NIJ, SEG and NAV have less than 4 octahedral cations pfu and are subdivided into two additional groups: those classified as Type II, or ordinary palygorskites, as previously mentioned, and others classified as Type IV, or aluminous palygorskites (LEB, BUH, and TEM), according to . According to Suárez et al. (2007) , the difference in ionic radius between the octahedral cations produces variations in the d-spacing of some families of lattice planes, such that the content of the octahedral layer can be calculated by using XRD data and the following formulae:
VI Al ¼ 49:1617 À 7:4401d 200 ð1Þ
where OV is the number of vacant octahedral positions. The contents of octahedral Al calculated using formula (1) and those obtained through AEM are compared in Fig. 7 . As shown, except for sample PED, there is a very good agreement between both ranges of data.
Surface properties
Taking into account that the main industrial applications of palygorskite are based on its surface properties, we have studied these features on a representative sample of each deposit. The BET method (Brunauer et al., 1938) using N 2 at 77 K as adsorbate was applied and the specific surface area (SSA), the micropore area, and external area were determined. The results obtained from the analysis of the isotherms of N 2 are given in Table 3 . All the isotherms obtained correspond to type II, according to the IUPAC classification (Thommes et al., 2015) , because they do not have limit adsorption at relative pressures close to 1, and they have hysteresis loop of type H3-H4. This indicates that these samples have pores in all ranges of porosity: micro, meso and macropores.
The BET surfaces obtained are very different and range between 30 m 2 g À1 and 263 m 2 g À1 for the PED and ESQ samples, respectively. It is evident that the presence of variable amounts of impurities within the samples influences the final SSA, depending on the content and nature of these impurities. For example, the three samples with higher impurity content (PED, TAB, and NAV) have lower SSA. However, the intrinsic characteristic of palygorskite also greatly influences the final SSAvalue; as observed in Table 3 . There are many factors that influence the SSA value. The samples can have different impurities, most frequently quartz, feldspar, and carbonates (calcite and dolomite), that do not contribute to the SSA, but also sepiolite and smectites which also can have good surface properties. The texture can also highly influence the surface properties, as shown for sepiolite in a comparative study (Suárez & García-Romero, 2012) . In addition to these intrinsic characteristics (impurities and texture) that can differ even for samples from a same deposit, the pretreatment of the samples (grinding, outgassing, etc.) also influences the SSA. For instance, SSAvalues of palygorskite from Hudson (Australia) vary between 48 m 2 g À1 and 87 m 2 g À1 (Rusmin et al., 2016, and Liu et al., 2016, respectively) , while palygorskite from Jiangsu (China) vary between 138 m 2 g À1 and 216 m 2 g À1 (Shi et al., 2016, and Xu et al., 2011, respectively) . Palygorskite from Torrejón (Spain), studied in the present work, has been reported with 146 m 2 g À1 (Galan, 1996) and 112 m 2 g À1 (Lindgreen et al., 2008) . The influence of the pre-treatments was shown by Liu et al. (2012) who found values between 153 m 2 g À1 and 215 m 2 g À1 depending on the grinding time. In this work all samples have been pre-treated in the same way and therefore the results obtained are comparable and have to be attributed to the mineralogy and texture of the samples.
Consistently with SSA, the micropores surface also varies for palygorskites from different localities; in all samples studied here the microporosity area is lower than the external area, except for TOR. The highest values of the microporosity, 94 m 2 g À1 and 84 m 2 g
À1
, have been reported for a palygorskite from Anhui, China (Liu et al., 2012; Wang et al., 2015) , respectively, both from China. In our samples (Table 3) , the highest values of micropores surface correspond to the Mg-palygorskites ESQ (110 m 2 g
) and TRA (94 m 2 g À1 ). The presence of sepiolite polysomes in these samples, an intermediate composition in the polysomatic series , implies the existence of a certain amount of wider intracrystalline channels, with highest accessibility to the N 2 molecules, and therefore higher structural microporosity. Besides, the microporosity of palygorskite (as well as sepiolite) is not only related to the presence of structural tunnels and channels, but also to the microtexture, as bundles of almost parallel fibres (like TOR and BER samples in Figs. 4e and 6f ) have inter-fibre micropores (Suárez & García-Romero, 2012 ).
Final remarks
From the comparative study of the six most important Spanish deposits of palygorskite and six other occurrences it is possible to conclude that: -they were formed in different geological environments:
sedimentary (sedimentation in large Tertiary continental basins), hydrothermal (hydrothermal alteration of volcanic rocks) and also as fault-hosted; -palygorskite occurs with quartz and carbonates as the main impurities, but feldspars, illite, sepiolite and smectite are also frequent; -the deposits show a great crystal-chemichal variability between samples but also with respect to the palygorskite ideal formula (ranging from magnesian to aluminous palygorskites), even for deposits of similar geological origin; -texturally, most palygorskites have fibre sizes between 1 and 10 mm but those whose origin is linked to hydrothermal events (hydrothermal ambience or faulthosted) are much longer, with lengths over 10 mm; -the specific surface areas also greatly vary (range between 30 m 2 g À1 and 263 m 2 g
À1
). The surface properties depend, as logical, on the impurities but they also depend on the texture and crystal-chemistry; -the highest specific surface values correspond to the Mgrich palygorskite. This is related to the presence of sepiolite polysomes intergrown with palygorskite, since sepiolite channels are wider than palygorskite channels and contribute to a higher microporosity; -considering that the deposits have numerous local heterogeneities depending on the collection site, each sample has its unique features (length, curliness, degree of aggregation and compaction, porosity), which are a consequence of the particular genetic conditions. Consequently, these textural differences provide variations in the physicochemical properties. 
